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The radio frequency accelerating cavities in the booster
are turned on abruptly to avoid multipactoring problems. In
order that the capture of protons injected from the linac should
be adiabatic, the cavities are turned on one at a time about
8 usec apart. The word "adiabatic" implies only little or no
emittance growth and has little to do with the well known adia-
batic theorem. The naive application of the adiabatic theorem
would lead one to expect an empty bucket with all particles in
the unstable region outside. 1In reality, particles are caught
by the growing bucket. Particularly near the unstable fixed
points, where the phase motion is slow, this capture can take
place whether the rf change is continuous or stepwise. Once
particles are inside the bucket the total phase area does
depend on the adiabaticity of the process, i.e. on the rate
of change of the rf voltage compared to frequency of the phase
oscillation. The actual emittance growth must be calculated
for a particular rf voltage program.

For a given energy spread the capture efficiency and phase

dilution can be expected to depend on at least the final rf
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voltage, the time to full turn-on and the voltage vs time func-
tion. Results are given below for a range of each of these
three variables. One may also expect space charge effects
since most such wvary as lf and are therefore greatest at injec-
tion. A realistic inclusion of these effects is beyond the
reach of the present calculation. Their order of magnitude

(1)

may be just a few percent in bucket area, however, if per-
fectly conducting wall model has any meaning at all for the
booster case.

The calculations are based on a turn-by-turn integration

of the difference equations

¢n+l = ¢n - Asn (1)
€41 = Ep + eVn sin ¢n+l (2)
where
_ 2 2
A =2 h(l/y" - l/Yt )/EOYB (3)
and

Vn is the amplitude of the radio frequency,

h is the harmonic number equal to 85 for the booster,

EO is the proton rest energy in MeV, and

Y is the transition gamma equal to 5.445 for the booster.
These equations correspond to a physical situation where there
is a single rf gap per turn and thereby overstates the impul-
sive (nonadiabatic) character of capture in the booster. The

more usual differential equations, however, represent the
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acceleration as uniformly distributed around a turn and may
thereby understate the capture losses. By taking steps of less
than one turn it would, of course, be possible to treat each
booster cavity individually.

The difference equations have been integrated for several
sets of parameters. In all cases the injection energy was taken
to be 200 MeV with a spread of *.29 MeV corresponding to
Ap/p = 8 x 10—4. Common to each sequence of runs is the
nominal booster ease where V = .1 MV is reached in sixteen
steps taken at 8.4 usec intervals. Fig. 1 shows the final
distribution of particles in the bucket with the original emit-
tance of 3.66 MeV rad shown cross-hatched. The bucket area is

A = %z = 5,23 MeV rad

so that if filled "adiabatically" the final bucket would be

70

o0

filled. Clearly there has been emittance growth during
the capture since a sprinkling of points lie quite close to

the separatrix. The rms emittance

o = {zmi—z)zmi—a)z - Z(ei—awi—&)} 1z,
1

where the sum extends over all particles, can be used to define
an emittance uniquely for a nonuniform distribution. The rms
emittance of the initial bunch is ¢ = 306 MeV rad. The final
distribution in Fig. 1 has o = .659. Table 1 gives the particle
loss and rms emittance for a number of different values of the

final rf voltage. If the capture were adiabatic one would
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expect particle losses to begin at 50 keV/turn rf when the
bucket is 1/Y2 as large. Losses start at ~60 keV/turn,
however. The emittance values are rather more interesting;
the smaller the bucket into which the particles are captured,
the less the emittance growth.

A series of cases which differ in the number of steps in
the turn-on is tabulated in Table 2. Here one finds that the
more smoothly the rf is turned on the greater the rf emittance.
This surprising result appears to reflect the filamentation
which takes place if the separatrix is moved away from the
captured particles slowly so that the effect of the nonlinearity
is strong. The last entry in this table is the smoothest that
can be obtained with a single cavity.

A series of cases in which the time to full turn-on is
varied, taking a step per turn, is tabulated in Table 3. Once
again, the less slow turn-on gives the lower rms emittance.
Particle losses start where the turn-on time is somewhat less
than one longitudinal oscillation period (vs = .05). The

(2) based on the differential

results of Sessler and Lilliequist
equation show complete capture down to about one half longitud-
inal oscillation period for a linear turn-on. This discrepancy,
too, shows a distinction between the difference equations and
the differential equation. The booster case lies between the
two since the cavities are distributed. However, the extrapo-

lation of the sequence in Table 2 suggests that several steps

per turn will not lie very close to the continuous case.
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The rms emittance figures in the foregoing tables can be
considered only as suggestive because even after capture this
figure fluctuates considerably. The rms emittance was calculated
from a case with sixteen steps to .07 MV at 3 turn intervals
after 100, 400 and 1000 turns. The value for ¢ was .581, .619,
and .486, respectively. A measure of phase area less dependent
on the scattering of peripheral particles would probably produce
a more consistent measure.

To show what is happening in the discrete step capture
process four steps in the nominal booster case a phase period
apart are shown in Figs. 2—-4. The debunched beam is shown in
Fig. 2 at the instant the rf comes on. The voltage steps come
at 3 turn (8.4 usec) intervals in increments of .0626 MV. Fig.
3 shows the bunch after 20 turns (7 voltage steps). After 20
turns more the result is as shown in Fig. 4. Many of the
particles are seen to be caught in buckets adjacent to the
one appearing at their initial position. In the case of a
completely debunched beam corresponding particles would be
entering the central bucket and the final result is that shown
in Fig. 1, which is obtained by taking phases modulo 2m. From
a detailed tracing of this kind it is conceivable that one
might tailor a few step turn-on which would reduce the emit-
tance growth found in the linear turn-on. One might also con-
sider reducing the capture voltage if sufficient operating
stability can be maintained to give reliable capture into the

smaller bucket.
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CAPTURE PERCENTAGE AND RMS EMITTANCE AS A FUNCTION
OF RF VOLTAGE PER TURN FOR SIXTEEN EQUAL VOLTAGE

STEPS AT THREE TURN INTERVALS

Final rf Voltage (MV)

Capture Efficiency

(%)

Rms Emittance
(MeV rad)
at 100 Turns

.100
.086
.082
.078
.074
.070
.066
.060

.050

100.0
100.
100.
100.
99.6
99.6
99.6
99.2

97.2

.657
.606
.606
.606
.654
.581
.537
.574+

.537+

+ at 1000 turns
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Table 2

CAPTURE PERCENTAGE AND RMS EMITTANCE AS A FUNCTION
OF THE NUMBER OF STEPS IN THE TURN-ON. THE TIME OF
THE FINAL TURN-ON IS HELD AT 48 TURNS; THE FINAL

VOLTAGE PER TURN IS .100 MV

Rms Emittance

Capture Efficiency : {MeV rad)
Number of Steps (%) ’ ’ at 100 Turns
1 82.4 .369
2 88.4 .535
3 88.8 .560
5 100.0 .577
10 100.0 .641

16 100.0 .659

45 100.0 .733




Table 3
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CAPTURE PERCENTAGE AND RMS EMITTANCE AS A FUNCTION
OF THE RATE OF RF TURN-ON,
.1002 MV APPLIED IN EQUAL STEPS AT EACH BEAM TURN

THE FINAL VOLTAGE IS

Number Turns

Capture Efficiency

Rms Emittance
(MeV Rad)

to Full On (%) at 100 Turns
6 86.8 . 397
10 91.4 .443
15 96.8 .467
20 99.2 .488
30 100.0 .581
45 100.0 .733




25v7) s%mm.w\o L%NWQQQ .:Q. wgﬁﬁoae,.,,u ﬂ. ML,SW\A\

(suvipPr~) 4y s35S0u2 3101Luvd SY 3ISYHd 4¥

- Zpi'e gTs°e s88'1 (62 829'0 gee' 2 8290~ L62'1e £88° 1~ £1g' 2~ 2rTeg-
2o #rmemdmasmdmmeammmegmeememmamfamcmmeecafen  tmdemdmeeeammmmfbee Smeefe—cmecosagescemmecepeendessent JOP0 T
im I 1 1 1 1 1 1 I I 1 1
=0 I I ! 1 1 1 I ! I ! I
1 ] 1 I I I ! 1 1 1 1
! 1 i 1 I I 1 1 1 1 I
! I 1 I 1 1 I I ! 1 1
1 I I I 1 ! 1 1 ! I 1
1 1 I ! t I I ! 1 1 1
1 I I I 1 1 I 1 I I !
1 1 i ! XX X XX XX XXX it 1 I 1
R I T T P PR TR PP LL E LS & £ L Ly L R T D el et L LT T P T Tt 1/ Al T
1 txx v 1 5 1 es X X 'le ! T I
1 X ® 1 s X X 1 I
1 X a s » ] » oww , 1 1
i # “ * # 1 & ° 1 1
! X I
i * I
1 ! i
1 I
I 1 [
S 4 - 02t~
{ b i
! 1 E]
I I
A i Nr
& i
. i (Aewd 5
i i 3
w i a
i
1 » poz'e
I i
1 1 1 1 I
I » I 1
I 1 1 el I
I I » l 1
1 I 1 e ] I
1 I ! 1 I
1 I I 1 1
i i 1 # I X x 1 1
4:15||:||4+D||||0||!¢1||i|||s|+0|||txnx;il|:||l4||+t|:c:|||r+tx:x1||||qlarlll|||§l||1b||||+tlv!lltllb geo‘a
! 1 1 1 XXX XXX XX XXX 1 1 ! 1
\ 1 1 1 1 1 1 { 1 1 1 1
svge =21 I I ! 1 I ! I 1 1 !
/ 3 I 1 w w 1 1 I 1 1 M w
0o/ = ! 1 1 I 1 1 I
& 4 ! 1 1 I ! 1 I 1 1 1 I
A 2299 AV 1 1 t 1 I 1 1 . I 1 1
o | ! 1 ! 1 1 1 ; I ! I
At 920 =1 1 1 ! ! 1 ! ! I ! 1 I
Tl R kR R e N bt e e Attt b 2 2e9°'T
¢ =1S07 # Aw 2222T'0=39v170A d¥9 SNvIQvy 0@20¢'g =%0va033d *(¢0080'0  ‘04gp@*@- LY ¥3ILINID NYAL HL-28F NO HINAE



TM~303
0330

~-11-

2o’

B R I T e e o R R B T Rk T o S R A 0 S G A Y

o m e gm ssenyres prprptbiey ey

.ﬁ.ﬂ\\s.\v%@ﬂ/\ w ’ I

91 28821 2896 ger9 vge'e go2°'0 gRz e~ 20v Qe 2o9't6~ 208° 2%~ POR 9T~ e
R et e e e L e D R R e R L L LR L L P e i 11 A
1 ! i [ I I I I I 1
I T 1r 1 ) | S | S 1 I 1 1 e
[ I I 1 1 I 1 1 1 1
1 1 I 1 I 1 1 I 1 1 e
1 1 1 1 1 1 1 1 I 1
1 i 1 I 1 1 I 1 1 1 e
1 ! 1 I [ 1 1 1 I 1 ‘
I t T 1r 1 1 I 1 I
1 S | S | XXXXX 1 1 I 1 I
e R e e ¢ D S D e T e T e e T 1 R
I I I 1 XX 1 XX 1 I 1 1 1 .
1 1 1 1 X 1 X 1 v 1 1 ! B
1 I 1 { X 1 X I 1 1 1 1 N
I 1 1 X% I x v r v oY e
D S 1T 1 XX I XX 1 ) 1 [ I 1
1 1 i ‘ I X I X { ot I 1 1 r e
I 1 i 1 X 1 X 1 i 1 1 1
1 { I LYY LI ET Y Y ¥ 1 1 1 I e
I 1 1 T puessssanssapscansioes S S 1 1
R kel ek R R e R S N L il e Tt L P R P S 1, T AN, T
S T T T T eaegnnneteentdnsanasnn 1 T I -
I 1 1 1X 1 x1 1 1 1 I .3
1 { . TTTTTT panasnnetnnonpnrasassen 1 1 1 1
1 1 i seNoRetpRRRRBRDRERS D 1 f I I Y
I I 1 i X I ) S S 1 1 I 4
1 1 1 subpenBLERGARERANGEDD 1 1 1 1 AV@UvNV ]
u T ) u,: - T ﬂiiill).I«i:wﬂiﬂ.#ﬂ###Vﬂﬁ*#ﬁ*ﬂ##.ﬂ.##ﬂ .:m o . H o - K,H - m , ’ i ],l.ulKA
I 1 [ IX i X, I 1 I 1 Qe
1 t 1 T BatasnSaRRRREEREHENOS 1 1 1 I.
D et bttt B R R e e T R e L T T e T R N 1 A -
1 ! 1 nEapentoRttobnensR Ty R I 1 I N
I 1 1 ARBpNoUROBEARADRABORD I 1 1 |
I [ I I ¢ 1 1T 1 ! I
1 1 I ‘ [ X I X I o 1 | [ I o
1 1 ) 1 Tl XX ! XX 1 1 1 1 I
1 1 1 1 X 1 X I 1 1 1 1 e
I i | ‘ { X 1 X 1 1 1 1 I
I I 1 I X [ X 1 | O S 1
1 S | N "7 Xx I xx 1 T [ 1 i
B e e i Rl R & ol R R it et btk DR L L LD L L DL Tl 1 A A R .
1 S 1 B . XXXXX I S I S| 1 1
I 1 1 1 1 1 1 ! ! e
1 1 1 i I i 1 [ 1 I B
1 I 1 r [ v 1
I { T [ I 1 I 1 1 1
1 1 I I I l I 1 I 1 e et e e
1 1 I i 1 1 1 1 I I
1 1 ! 1 I 1 i 1 ! 1 1 I
1 { i T 1 I 1 1 1 ! e
B R e Rt etk e e e R T itk Atttk Attt R Tl N /1.1 Rl S L
TTTTTTTT U dv9 8385040 37011yvd SY 3SVHd Y T ’ =
(g@dge' e ‘Qadve‘ Yy={3VL1130¢ IMd) LV Q3IN3ILNID SIVDILuvd ¥@s HLIM HANNE LNJNI i



Lo ad NN_QS. SU17 2 QW%: LM\NQSB QQ@%X%.CNMNW ,.Ww@\q\\ﬂg\x&m.\gmﬂ .u_ m,ﬁ.:a%\\.n\

TM~-303
0330

-12-

eue*9T

%

ﬁw«é\\se%y d4v9 $355042 37011yvd SV 3SVHd 4¥

p08'2T  ¥R9‘6 pov'y  ¥@2's

L e o R T L T R R T Rt L T R el R A TR &SS.ﬂJ

1 I

e e
e e e
e e

e e e e

1

—_ H U

o 1
sonnn

aadts ne

wan] se
e | LY )
g ] LY
| | Pry 1 #

X
X
X

Pt et Bt 2t g et e 0
Bl et Bt B Ten Bre St 0t

ot Bt Bt Pk Bk B Bt Smb Bt

I 1 uwas= 1 T oeel X
1 »as 1 X
1 I e )%
I alav
1 T Xae
1 Inan
1 IXte
1 Ix#
I { #a

Tt ot 2t Bt B8 Bt Bt

1 {

i T ox
X
X

1

I
l
1
l
1
1
I

S ot e St Bt Bt St St
B Bt Bt Bh Dt ik Bk Bk

1

1 | S

. pd Bt bt Pt B e
.t et Pt At P et
et g et Pt st ot e

I

B Te et et e bt et P e b A Ps ot ot Bor ot Sd bk Bt Bt o B P bk Bt Bt nd b Bt ek Bt Bk Gk Bt € ik bt et St G b Bk ek Sk G Bt Bt Pt

ede'o

At S by o et e

XXXXX

XX I XX

X h‘ X

X 1 X
X 1 X
XX 8 XX
X passanr X

#oe fo

anvEn an X
uvele sueX

B e e e LAY T T LR PR TP Er PP EEE Y FEEEEY - P L L T T Yt bt LY L L P L L kot

pgete-

ot bt et s pra s e e

!

noa® 8 wane en |

anentaloonsy

ax1

sess 4] & vnensxl
Renns ws pesnens|

envtatar]otenan
wnfn e sasen
des # (4 anss
pratelecnian
abhaw & snas

pRd  w]ean
LY T TX
it v
X #atsza X
XX # = XX
X 1 X
X 1 X
X 1 X
Xx 1 XX

XXXXX
i

P et et Bt Bt B Aot

u*x‘
wu]ea
axesn
X1

X l=e

1 L
Y
Y]

L

I
1
!
1 BH sand
1
1
I

I

e R e e B I

1

‘(o0eQe o~

gav'9-

LE- oL X ]

b—.b—‘ﬁ‘b—‘b—nb—c’-ﬂ—.

e e e I ]

I

1

t

1

I
1
1

1Y
anns

L2-2 4
o4
L2 23

[oan

[
1
1

1

‘Q0pe0° e

Tt bt et € bt Pt P

T e et Pt P et Bt Bt Bt

1

1

1
I

I

B Gt Bp ek St et Bk Pt

1

Pl e e e e

Bog*6-

Y1V HILNID NYNL HLI-@2

gegs*er-~

I

J O T

1
I

-ttt et et et

[

1

St Pt et St e Nt e

llllllll?Qlllllllll#tlllllltl+lllillIII+lllllIXX!+IXXIII)|[+lIlLIIIII#IltIllIllfllllllli!+lllltllll

B el L T N D € L Lk Lok T g R Y I b el T 2 T il R T P R D R

P I T e el e B e e R

Illlli-ll+I|llllltlQIItllllll6lllltlllc+II01!IXX(+GXXII!I|I+llll!lIll+!Illltlll+llll’llll0!&|t!ltll+ gB9'n

gge°*91=

2098~

@R g~

A°W)

gec'g

e o e o e o o e A e o 7o e e e e g D e i e b A e o e e % A N A e e e e e e o e e o T o o ke e e e e e e e O &&&.ﬁ

21807 # AW POSPOT@=39VLITI0A JV9 SNYI1OYY 0RQOQ'¢ =X0V80334

Lad

i

3 Lad

"NO HONNEG



bro

TM-303
0330

~]1 3~

\Q YL suamZ of 427} uo1]17q 14357 ﬂw%&m\ ;\@Q.Q%S*.Lu\cod 4, Muxﬁw&zc

mw:@,\\ew: dv¥9 S3SS0¥D 3101LY¥Yd SV 3ISVHMd 4¥

geg'et pge*et 2098 pAv‘9 @g2'se 2ee‘o 282 Q- PRy 9~ 2096~ gge‘zt- gea*9t=
L e Dt L T TRy U R O g g 1] R T
1 I I 1 I ! 1 1 1 { 1
1 I 1 1 ! I I 1 I [ I
1 1 1 ! 1 1 I I I i 1
{ I l 1 [ I 1 1 1 1 1
1 1 1 1 I 1 1 I I [ !
I I I R I T 1 ! 1 I I
1 1 I I 1 1 1 I 1 I I
I 1 1 I 1 1 I I I 1 1
I 1 1 1 1 XX XXX T 1 1 1 I
+|ll|lltol+tsl||||n|+llt||tnll§||||l|lll+||tl!|xXI+lxxs|tlll+tltllllll¢a||lltlr3+llrl||ll|¢vllllwill4 29
I 1 1 I 1 XX 1 XX 1 e 1 1 1
I I _ | S | I X+ 1 X ! rakasts I ! I
I I { ! 1 X Qnn X I ol 22 o 1 1 I
I I I 1 . I X &» 2 x 1 LLI w8 1 I l
1 1 1 ! 1 Xxe #aspessXX 1 LI 1 1 I
I I 1 1 1 X asmssnsn aX 1 I o 1 1 !
I I 1 1 I X & oe#e saea X | # I L 1 i 1
I 1 I 1 I X & szesssa X ] @ 1 1 1 1
{ 1 1 i ] Xe & ssenssasX 1 # 1 # 1 1 1
R e i ettt B Tt L Py T
I 1 Sl . 1 1 X & sasssnsnses X | o | 1 1
1 1 ! I ® Ix tpasen snas X L 1 1 1 1
1 1 1 1 ° IX #e spvesgensana XI o i « ] 1 1
I 1 1 » 1 & IX #as Sszsnoes X1 LY { 1 1 1
1 1 - ) G | e X tae ouape soen X o 1 R | ‘ 1 1
l 1 ! 1 e Ix vasess  see  X] 2 1 L 1 !
1 1 ] = 1 ® 1X nrooansssese wa X1 s 1 1 1 1
1 I 1 i an IX twuss asscns %1 » 1 1 1 1
I 1 t » 1 a I X ssvesvsonss o X | I 1 1 1
e e e e e e e N itk bl T L R 17/
» n H .ﬂ,, . H B ‘n. i n Xﬂ#*#ﬂ&## * .vx H i i fimii Tt H H - ’ H
1 I 1 I # [ X ssnsase o X 1 1 1 [ !
I 1 ! » I L [ X wtne sse a X | I I I I
1 1 1 [ 1 1 X onuucoas X 1 1 1 1 1
1 I 1 I = I XX#ostaose &XX I 1 1 I [
I I ! # I e 1 X o #a  % 1 I 1 t I
1 1 t LEET N T S 4 LE X0 X 1 ) 1 I 1 1
I I [ wnantes 1 X I » X 1 ) 1 1 1 I
I t I taney 1 XX 1 XX I I I ! I
+ll|f||l|l*Ill'lllll.9llllllll¢+ll‘llll'!*ll'lllxx.l.leXl.lllIl*If'llliil.’fl'llllllQ'I'lll'll#ll‘lll'lli Sﬂ
I 1 I 1 D XXXXX i T I I I
1 I 1 1 N I 1 1 1 I I
1 1 i ! I { I 1 i 1 1 1
1 1 i 1 1 1 1 I 1 1 1
1 1 1 I ! 1 1 1 [ I 1
I I 1 1 1 [ 1 1 1 i I
1 1 1 I o 1 I [ 1 1 I 1
1 1 I I 1 1 [ 1 1 ! 1
1 1 ! 1 1 ! ! U 1 I 1
QlllllllilO'llilllllilllllllll#Illlfll‘l#.IIl.t..l!ll.l+II’|.II||..I§|||IIIl“i‘illlllll+|l.l.l|l|ll+0|l.l.ll.l.ll.1 SS
2 =180 # AW 89(B0*2=39V.LT0A dv9 SNyIQvy 000@2°'0 =)MOVE0334 *(00ege'd- ‘Quoop’e Y1V Y3UIN3D N¥NL HML-2b

9'Bw_

2°'0~

kP al

(N°H)

O tad

e'e

9'8

‘v
NG MOINNE



